Leucine zippers are alpha helical monomers dimerized to a coiled coil structure. Various scenarios for dimerization span interaction of unstructured monomers that form alpha helices in the process of dimerization to preformed alpha helical monomers dimerizing. Another suggested possibility, a "trigger sequence" hypothesis (M. O. Steinmetz et al., Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 7062-7067), is that a C terminal (CT) part of each monomer is a trigger sequence that is dimerized and, subsequently, the remainder N terminal (NT) part of each monomer (that is partially ordered) zips together to form the coiled coil. In this work, methods are developed to computationally explore the trigger sequence hypothesis based on an extension of a previously introduced (R. I. Cukier, J. Chem. Phys. 2011, 134, 045104) Hamiltonian Temperature Replica Exchange Method Mean Square (HTREM_MS) procedure, which scales the Hamiltonian in both potential and kinetic energies, to enhance sampling generically, along with additional restraints to enhance sampling in desired regions of conformational space. The method is applied to a 31-residue truncation of the 33-residue leucine zipper (GCN4-p1) of the yeast transcriptional activator GCN4. Using a variety of HTREM_MS simulations, we find that the NT of one monomer of the dimer becomes disordered when the NT parts of the monomers are separated. In contrast, when the CT parts of the monomers are separated, both monomers remain alpha helical. These simulations suggest that the CT does act as a trigger sequence and are consistent with a disordered NT. We also investigate whether the disordered NT can be induced to re-form the dimerized leucine zipper.
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Sci. U. S.
It does, but with some lack of recovery of alpha helical hydrogen bonding structure in the NT.
INTRODUCTION
Leucine zippers (LZs) [1] [2] [3] [4] [5] [6] [7] [8] [9] are an important class of regulatory proteins that are integral to e.g. eukaryotic transcription factors. 10 They consist of dimerized (or oligomerized) alpha helices that form coiled-coil motifs. Crick's 11 "knobs-into-holes" model for coiled-coil dimerization emphasized the role of packing, but electrostatic interactions also are important to dimer stability. 5, 9, [12] [13] [14] [15] Folding pathways and stabilities of GCN4, a yeast transcriptional activator leucine zipper, and its mutants, have been investigated using calorimetry, circular dichroism, kinetics, hydrogen exchange, and NMR. [14] [15] [16] [17] [18] [19] [20] Numerous computational studies using lattice models [21] [22] [23] [24] , coarse grained models 25 , implicit solvent [26] [27] , and explicit solvent [28] [29] [30] simulations of monomer folding and dimerization of GCN4-p1 and other leucine zippers have been carried out.
Leucine zipper dimerization is a specific instance of protein-protein interaction that is viewed as formation of an encounter complex by diffusion (with, potentially, an electrostatic steering component) 31 followed by the overcoming of a free energy barrier to form the bound, stable state. For proteins, the individual proteins (monomers) must undergo complex rearrangements in the process of forming the stable complex (dimer). 32 One scenario is "lockand-key" in which preformed monomers only need to fit together. A different scenario involves an encounter complex of essentially random coil monomers that then extensively reorganize (fold) to dimerize. An intermediate scenario related to intrinsically disordered proteins [33] [34] would be for a part of one monomer to be "disordered" when separated from its partner monomer and becomes ordered upon binding with its partner monomer.
These considerations arise in the context of LZ dimerization. The GCN4-p1 leucine zipper 35 that is the dimerization domain of the DNA-binding protein GCN4 36 , is an example of an alpha helical, parallel, double-stranded, coiled-coil. Each monomer consists of 31 residues that can be divided into two domains: an N-terminal (NT), residues 1-15, and a C-terminal (CT), residues 16-31 domain. The sequence is:
{R[M(a)KQL(d)EDK][V(a)EEL(d)LSK]}{[N(a)YHL(d) ENE][V(a)ARL(d)KKL]V(a)G}.
The "a" and "d" indicate the hydrophobic residues, the leucine repeats are in [], and the NT and CT domains are indicated by the {}. It was suggested 15 that the CT domain of the LZ is a trigger sequence that, when dimerized, would help "zip up" the NT monomers to form the GCN4-p1
dimer, and that a trigger sequence is a general phenomenon. 37 The electrostatic and hydrogen bonding properties of a 16 residue peptide corresponding to residues 16-31 of GCN4-p1 were investigated to ascertain properties of this trigger sequence. The dimerized CT 15 may drive coiled-coil formation by limiting the available configuration space prior to complete dimerization. 30 Study of a hybrid sequence composed in part of GCN4 and cortexillin 38 supported the importance of a stabilizing (versus a specific trigger) sequence to coiled-coil dimerization. Whether the properties of the trigger sequence are quite specific or not is not clear but the trigger sequence concept seems quite robust, [39] [40] [41] leading to the conclusion that GCN4-p1 folds by diffusional encounter of preformed CT helices that nucleate the dimerization of more disordered NT residues. 41 In this work, we computationally investigate aspects of the above scenario. From the perspective of Molecular Dynamics (MD) simulations of leucine zippers both melting (ordered dimer to disordered monomers) and interface formation (disordered monomers to ordered dimer) are challenging due to the variety of barriers that arise from the high-dimensional potential energy surface and the large configuration space that must be traversed. Thus, it is useful to apply some form of accelerated MD. To this end, we previously introduced a variant of the Hamiltonian Replica Exchange Method (HREM) [42] [43] , designated as HTREM_MS 44 that: 1) scales selected terms in the Hamiltonian in both potential and kinetic energies, the combination defining HTREM, and 2) introduces specific distance restraints (MS designates mean square restraints). HTREM limits the number of scaled degrees of freedom, resulting in a smaller number of systems required relative to temperature REM [45] [46] [47] [48] where all degrees of freedom are scaled. Recent work 49 has shown that use of a similar strategy 50 can greatly enhance sampling in the degrees of freedom orthogonal to those of the applied restraints. In a previous LZ HTREM_MS simulation 44 that showed that the dimer interface could be reformed from separated, alpha-helical monomers, restraints between specific monomer-monomer distances served to encourage the monomers to sample more dimer-like conformers. Here, using a variety of HTREM_MS, we investigate whether the LZ NT is stable when those parts of the monomers are separated, whether the CT is stable when those parts of the monomers are separated, and whether a melted NT can be induced to re-form the dimer. HRRE These simulations suggest that: 1) the CT does act as a trigger sequence and permits part of the NT to melt, 2) separating the CT does not lead to significant melting of either the NT or CT domains and 3) starting from a melted NT, the dimer does reform with, however, some lack of alpha helical hydrogen bond recovery in the NT.
The plan of the rest of this paper follows. Section 2 provides a brief summary of the HTREM_MS method as appropriate to the current study, along with some simulation details, and an overview of the simulations carried out. The hydrogen bond and salt bridge criteria are defined. Section 3 describes the details of the simulations of dimer stability, NT separation, CT separation and restoration of the dimer from the NT melted leucine zipper. A discussion of these results and conclusions that can be drawn from the study are presented in Section 4.
METHODS

HTREM_MS.
In a replica exchange method (REM) the basic strategy is to create a set of MD systems characterized by unique Hamiltonians. These are run in parallel and periodically information exchange between pairs of systems is attempted and accepted according to a
Monte Carlo rule. If successful, the method will provide Boltzmann sampling in all the systems and the sampling will be accelerated relative to conventional MD. If one of the systems is simulated at a temperature of interest and is not restrained, it will characterize the Boltzmann sampling of the physical system.
The HTREM_MS method is a Hamiltonian TREM (HTREM) with the addition of restraint potentials. The HTREM Hamiltonians 43 are 
with subscript "P" for protein and subscript "S" for solvent. The protein-protein interactions are scaled with  and the protein solvent with  . An effective temperature T eff can be defined 43 from the number of scaled degrees of freedom, for a given value of  . In contrast with temperature REM, fewer systems are needed as fewer degrees of freedom are scaled. The form of the potential stems from the Ewald method requirement of overall charge neutrality. Use of the Metropolis rule to govern the acceptance probability α between any two systems
guarantees that Boltzmann equilibrium results in the extended ensemble of the product of all the systems' ensembles, for a sufficiently long trajectory.
The restraint potential used here is a sum over half-harmonic pair potentials between selected atoms in each monomer:
with t j r the jth target distance and 43 The starting GCN4-p1 leucine zipper dimer configuration was obtained from its xray structure (PDB accession code 2ZTA). 35 The crystal structure construct has 33 residues (in each monomer). The last two were not resolved and considered to be in a random-coil configuration. Thus we simulated residues 1-31 that were resolved. The first two (NT) residues have higher crystallographic B values and the phi/psi angles for residues 3-30 are consonant with alpha helical structure. Thus, the first two NT residues are not well ordered in the crystal structure. After that, the phi/psi dihedral values are characteristic of alpha helices. Our simulations are in excellent agreement with these results. The simulations were carried out in a box with 59.1851 Å sides with SPC waters. The preparation phase equilibrated the dimer. To probe the stability of the dimer and assess the extent of alpha helical hydrogen bonding, simulations with no restraints at a series of effective temperatures were run. That established baseline hydrogen bonding percentages for the monomers. The NT separation simulation incorporates half harmonic restraints on some of the NT residues, with the non-zero forces on the close-in distances, to see if the NT helical structure does "melt", which it does. The CT separation analogous simulation uses half harmonic restraints on some CT residues. Finally, the separated, melted NT with intact dimerized CT was simulated with, now, non-zero-force exterior half harmonic restraints on NT monomer-monomer residue pairs to see if the dimer is restored. 
Definitions of Alpha
Error Analysis.
The statistical quality of the monomer alpha helical hydrogen bonding, nine distances between the monomers and the salt bridge trajectory data for all the simulations were assessed using block averaging. 54 This method divides a property trajectory into blocks and evaluates the standard error of the mean as a function of block size to obtain a plateau value. A plateau value indicates that on some sampling interval the data are uncorrelated samples and provide accurate estimates of the standard error. In our REM-based simulations, as shown in the SI, uncorrelated samples are obtained on a time scale of less than 100 ps.
RESULTS
Summary of simulations.
A summary of the sequence of simulations carried out and their main consequences is presented in Table 1 . The endpoint of the equilibration simulation shows some disorder in the first few NT residues but essentially reproduces the crystal structure in terms of stable helical monomers and a bound dimer that fluctuates around the crystal structure CA-CA' distances listed in Figure 1 .
3.2
The no restraint simulation leads to a stable bound dimer. Following the equilibration simulation, an unrestrained simulation was carried out to obtain the properties of the dimer.
Here, as detailed in Table 3 , a large range of temperatures was used to enhance configurational sampling. The window 7  value of 0.61 corresponds to T eff =450 K. The exchange probabilities are large indicating that many higher T configurations are feeding back to the T=275 system and result in excellent enhancement of sampling.
To check on the dimer equilibration of this no restraint simulation the window 0 (T eff =275) system trajectory was split into two equal parts and, as in the equilibration stage, the nine dimer distances were evaluated. The nine (five a-a' and four d-d') intermonomer (alpha carbon-alpha carbon) distances (in Å) from the crystal structure and their simulation averages and standard errors, given in parenthesis, are, respectively, 6.31 (6. 
half of the trajectory. Thus, there is good agreement with the x-ray derived data, and consistency between the two half trajectories.. 
Figure 2. Two snapshots from the no restraint simulation of the dimer show that the NT of M1 is somewhat labile. The figure above is from W_0 corresponding to the ambient T.
The snapshots in Figure 2 show that there can be loss of alpha helical hydrogen bonding concentrated at the NT end. However, these configurations are not typical. Examination of a number of snapshots show that the helical structure is actually quite well maintained. A quantitative measure can be obtained from the alpha helical hydrogen bonding pattern of the NT residues. The fractions of trajectory time that there are alpha helical hydrogen bonds in monomer 1 are shown in Figure 3 . Excluding the NT terminal hydrogen bond between residues 1 and 5, and the CT terminal one between residues 27 and 31, the alpha helical hydrogen bonding is present roughly one-third to two-thirds of the time. A similar pattern of hydrogen bonding presence for monomer 2 is also found (see SI Table S1 ). Thus, the bound leucine zipper dimer is a stable dimer of alpha-helical monomers with fluctuations of these hydrogen bonds that are essentially the same over each monomer. Note that if the strict hydrogen bond definition of Section 2.3 were loosened from the heavy atom 3.0 Å distance and OHN angle between 0 and 30°, to heavy atom 3.5 Å distance, higher probabilities, on average, ~90%, are obtained, as shown in SI Figure S1 . The Steinmetz et al. 15 experiment carried out on the CT (residues 16-31) show about 50% HB based on 13 CA chemical shift NMR and far-UV CD methods. The experiments of Dragan et al. 17 on the leucine zipper use CD to estimate an average of 90% alpha helical HB. Thus, the simulation does a good job of capturing both the alpha-helical character of the LZ monomers as well as their dimerization, as monitored by the nine distances, given before Table 3 Figure 3. Fractional occurrence over the no restraint dimer trajectory (Table 3 ) of alpha helical hydrogen bonds between the indicated residues for the NT (top panel) and CT (bottom panel) for monomer 1 for window 0. A similar pattern is found for monomer 2 (SI Table S1 ). The standard errors as a function of block size are shown in the SI Figure S2 . Splitting the trajectory into two equal segments and evaluating the ratios of the hydrogen bond fractions shows consistency of the above results (SI Figure S3 ). while essentially maintaining the CT dimer structure. To this end, half harmonic restraints acting on the interior parts of selected NT inter-dimer distances were applied to all the windows. In particular, monomer-monomer' CA atom distance restraints between Leu5-Leu5', Val9-Val9', Leu12-Leu12' and Asn16-Asn16' that serve to produce additional separations of, on average, respectively, 6, 5, 4, and 3 Å were used. As shown in Table 4 , for all window pairs, the exchange probabilities are excellent. The indicated residue pairs, force constants and additional distances were picked to push the NT monomers progressively further apart as the NT terminus is approached. This combination of restraints and force constants was successful in that the average distances of those restrained residues did match more-or-less their desired separations. Table 4 . When the NT parts of the monomers are separated, the NT sequence melts to a certain extent. In this snapshot, the alpha-helical character of monomer 1 is lost from Val9 to the N terminus. There is also some loss of helical character in the N terminus of monomer 2.
A representative snapshot of the melted NT LZ is shown in Figure 4 . The CT and parts of the NT are well maintained as alpha helices while there is evident melting in the NT spanning, in this snapshot the monomer 1 Val9 to the NT terminus. There is also some melting in monomer 2. Figure 5 displays the alpha helical hydrogen bonding pattern for monomer 1. The alpha helical character of residues 2 through 8 is lost, and this part of monomer 1 certainly can be considered as having melted. The remaining hydrogen bonds are similar in occupation to those shown in Figure 3 for the no restraint simulation. Examination of the monomer 2 alpha helix hydrogen bonds corresponding, in monomer 1, to the Met2-Glu6, Lys3-Asp7, Gln4-Lys8 hydrogen bonds show that their fractions are 0.37, 0.38 and 0.22, respectively (see SI Table S1 ), somewhat less than the fractional occupations for monomer 1 in the no restraint simulation (see Figure 3 ). Table 4 ). Fractional occurrence over the trajectory of alpha helical hydrogen bonds between the indicated residues for the NT (top panel) and CT (bottom panel) for window 0. The standard errors as a function of block size are shown in the SI Figure S4 . Splitting the trajectory into two equal segments and evaluating the ratios of the hydrogen bond fractions shows consistency of the above results (SI Figure S5) .
3.4 C terminus separation does not melt the C terminus, or the N terminus. As a control simulation, a similar separation methodology as used on the NT was applied to the CT. First a run with the same window effective temperatures T eff as for the NT simulation of Section 3.3 was carried out. These results are summarized in the SI, Figure S6 . Then, as a more severe interrogation of the stability we first used a larger T eff range and then collected the data over the same T eff as for the NT simulation. Table 5 summarizes these simulations, which used half harmonic interior restraints on four residue pairs were applied to all the windows with the same force constant as for the NT separation simulations. They were first run at series of effective temperatures with the highest (W_7) corresponding to T eff =450 K. This was followed by a more restrained range of temperatures to collect more data. In all simulations the exchange fractions are very high, indicating that, even for the first set of simulations, there should be excellent HTREM sampling enhancement. The result of this simulation is that the CT terminus does not melt, in agreement with the suggestion that CT acts as a trigger sequence. Two snapshots from this simulation are displayed in Figure 6 , where it is evident that the alpha-helical structure of the monomers is well maintained, with some melting in the monomer 1 NT. The end residues of CT can show some non-helical behavior in accord with that found for the bound dimer simulation. The alpha helical fractions are plotted In Figure 7 . Figure 7 . CT separation trajectory (see Table 5 ). Fractional occurrence over the trajectory of alpha helical hydrogen bonds between the indicated residues for the NT (top panel) and CT (bottom panel) for window 0. The standard errors as a function of block size are shown in the SI Figure S7 . Splitting the trajectory into two equal segments and evaluating the ratios of the hydrogen bond fractions shows consistency of the above results (SI Figure S8) .
From Figure 7 it is clear that the CT of monomer 1 is as stable as that for the no restraint simulation in Figure 3 . The NT shows some slight decrease in the first three alpha helical hydrogen bonds but otherwise the NT is as alpha helical as for the no restraint simulation displayed in Figure 3 . The monomer 2 alpha helices are as stable as the no restraint dimer throughout the CT and NT (SI Table S1 ). Thus, we conclude that separating the CT does not result in melting any part of the monomers. The CT does act as a stable platform for the entire leucine zipper. Table 6 were run to attempt to restore the bound dimer structure. They were started from the separated NT simulation end point obtained in Section 3.3. In these simulations, half harmonic exterior restraints, acting between Met2-Met2', Leu5-Leu5', Val9-Val9' and Leu12-Leu12', were applied, except for window 0. Initially, the same set of residues as in the N terminus separation simulations (see Table 4 ) were tried but they did not lead to the dimer separation decreasing sufficiently. In the first of the simulations summarized in Table 6 , the force constants were set to 1.0 kcal/mol/ Å 2 with the goal of encouraging the NT parts of the monomers to approach. In this simulation the 0<-->1 exchange probability is poor.
Restoration of the N terminus dimer. The simulations summarized in
However, it did lead to a reduction in the monomer-monomer NT distances. In the second set of simulations, that continue from the end of the first, the force constant was reduced to 0.2 kcal/mol/ Å 2 with the goal of keeping the 0<--->1 exchange probability large once the NT residues were already close, so strongly interacting, as shown in Table 6 .
In spite of the good exchange probability for window 0 (W_0) it also is important to have the itineration of the configurations into and out of W_0 also be robust. That is, there should be a "random walk" of all the configurations for W_0. The window notation is a proxy for the Hamiltonian parameters used; here, the restraint potential and effective temperature. The configurations ("replicas") track the MD coordinates. Key to this stage of the simulation is that the force constant for the system labeled as W_0 is zero. This also is the system that corresponds to T=275, the "ambient" temperature. Thus, this system corresponds to the unperturbed, ambient temperature. All the data presented below will be for this unperturbed, T=275 system. The role of the other windows, assuming the exchange probabilities and the itinerations are sufficient, is to provide configurations that are more bound-dimer-like. Note, too, that the restraint potential for the closer-in branch of the restraint potential is zero in all systems, with the desire to encourage those monomer residues to adjust to their mutual presence; that is, to not prejudice the close-in sampling in any system.
A comparison of a snapshot from window 0 of this simulation with the crystal structure is shown in Figure 9 . The forces between residues that serve to bind the NT part of the dimer are able to act and, consequently, restore the distances that are found in the crystal structure and in the no restraints simulations of Section 3. interaction is broken but the others are essentially as present as they are in the no restraint simulation discussed in Section 3.3. Figure 9 . Comparison of the crystal structure (left) with that of a snapshot of the restored dimer structure (right). The color scheme displays hydrophobic residues in blue and hydrophilic in red.
The NT structure of monomer 1 is restored but there is some unraveling of the NT of monomer 2 in this snapshot.
However, while the restored structure may appear similar to the crystal structure and the no restraint stable dimer simulations, an examination of the residue 2-8 alpha helical hydrogen bonds, displayed in Figure 10 , show that the restored dimer structure has a low percentage of these NT hydrogen bonds, in contrast with the roughly 35-50% hydrogen bonding in the no restraint simulation of the dimer shown in Figure 3 . There are actually a number of i-i+3 and ii+2 hydrogen bonds found, though at low population, between Met2-Leu5, Lys3-Leu5, Leu5-Lys8, and Lys3-Asp7. The seven other NT 1-4 hydrogen bonds between residues 5-9 to 11-15
have similar fractions to those found for the no restraint simulation, with the exception that the Leu5-Val9 is somewhat less present, indicating some residual lack of alpha helical interaction. Figure 10 . Fractional occurrence over the restore dimer trajectory of alpha helical hydrogen bonds between the indicated residues for the NT (top panel) and CT (bottom panel) for window 0. The restored dimer structure has a low percentage of NT Met2-Leu6 through Gln4-Lys8 alpha helical hydrogen bonds. This is in contrast with the roughly 25-50% hydrogen bonding for this range in the no restraint simulation of the dimer shown in Figure 3 . The standard errors as a function of block size are shown in the SI Figure S9 . Splitting the trajectory into two equal segments and evaluating the ratios of the hydrogen bond fractions shows consistency of the above results (SI Figure S10) .
Why is alpha helical hydrogen bonding spanning residues 2-6 to 4-8 not restored here, relative to the no restraint simulations discussed in Section 3.2? A possible explanation centers on the presence of the many ionized residues in this part of the NT (see the sequence given in the Introduction). A schematic of these residues is shown in Figure 11 . For the indicated charged residues, there is extensive side-chain side-chain interaction possible within and between the monomers. These interactions can either compete with or promote the reformation of the alpha-helical hydrogen bonding for this part of the NT. Note that the first two residues, Arg1 and Met2 are unstructured in all the simulations, and are not present in the crystal structure or the structure from which we initiated the simulations. Figure 11 . Potential intra-and inter-monomer salt bridging residues in the beginning part of the N terminal sequence.
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Lys34-Asp7 To investigate this possibility, the fractions of intra-and inter-monomer salt bridges among these charged residues in the no restraint (Section 3.2) and restoration of the N terminus of the dimer simulations (Section 3.5) are displayed in Figure 12 . It seems from the general decrease in the number of significant salt bridges in going from the no restraint to the restoration simulation that this diminution of salt bridging may impede the re-formation of some monomer alpha-helical hydrogen bonds. Figure 12 Comparison of monomer-monomer salt bridges between the no restraint (Section 3.2) and the restoration of the N terminus dimer (Section 3.5) simulations. Percentages over the trajectories are given along with the standard errors obtained from block averaging. For the restoration of the N terminus dimer (Section 3.5) the data for window 0 corresponds to ambient T and no constraints. (See Table 6 ).
DISCUSSION AND CONCLUSIONS
In this work, a combination of HTREM that provides enhanced sampling by use of effectively higher temperatures than ambient and HTREM_RMS that, in addition, adds strategically designed restraints to encourage sampling of desired regions of configuration space was introduced. HTREM accelerates sampling in a more efficient manner than temperature REM because fewer degrees of freedom are scaled. The design of the added restraints is quite flexible. Here, half harmonic restraints were used to encourage both separation and bringing together of parts of the leucine zipper dimer. For separations, the exterior part of the potential that induces no forces permits freer exploration of separated regions and the finite-force branch induces more sampling of the separated regions. For bringing together, the acting exterior forces serve to keep the close-in region in contact more than in the absence of these forces. Naturally, such restraints can be used in other contexts where the desire is to enhance sampling of certain regions of configuration space without prejudicing the exploration in the desired region. Note that conventional harmonic restraints can over determine the sampling in this sense. It is also convenient to use a restraint that is a sum over restraint potentials, to again allow for freer sampling, in contrast with a set of specific restraints.
An extensive simulation (total of 64 ns) of the dimer using HTREM with a large range of effective temperatures showed that the dimer is quite stable. The intra-monomer distances are well maintained and the alpha helical hydrogen bonding of each monomer is not disrupted.
Monitoring these hydrogen bonds showed that the NT ones, between residues 3-7 to 11-15 and the CT ones between residues 12-16 to 26-30 are fractionally present between ~25-65% of the trajectory, for the ambient temperature. Similar results are obtained for monomer 2 (SI Table   S1 ). What fractional percentage is obtained of course depends on the definition of a hydrogen bond, here heavy atom distance less than 3.0 Å and OHN angle between 0 and 30°. There is no distinct difference between these percentages for the beginning of the NT -hydrogen bonds between residues 2-6 to 4-8 and the remaining ones in the NT or the CT. In this sense, once bound, the monomers are "uniformly" stable helices, with the first two NT and the last CT residues undergoing greater fluctuations than other residues.
Separating the NT monomers was accomplished with half harmonic restraints, serving to push them apart progressively with the largest distance targeted at the end of the NT. That strategy was designed to mimic unzipping the dimer. The force constant used was sufficient to accomplish this separation, as shown in Figure 4 . Most importantly, monitoring the alpha helical hydrogen bonds between residues 2-6 to 4-8 shows that they are absent and the 5-9 to 7-11 are much reduced, relative to the equilibrium no restraint simulation. Thus, this part of the NT has lost its helical character. In contrast, applying an analogous separating scheme to the CT, did not lead to melting of either the CT or the NT. For the CT separation, a more drastic procedure was used than for the NT separation, as summarized in Table 5 . Namely, first a large range of effective temperatures was used to accelerate the sampling and after this a smaller temperature range was used for data collection. Note that the window exchanges are excellent for all these simulations, indicating that the HTREM method was effective in enhancing sampling. The combination of NT monomer melting upon NT separation and stability of the dimer upon CT separation supports the trigger sequence hypothesis. 15 It should be noted that MD force fields are approximate and that the differences found between these two simulations, while potentially accidental, does provide strong evidence for the hypothesis. [39] [40] [41] In the restoration of the dimer simulation, half harmonic restraints with the forces on the exterior range were used. First with a relatively large force constant to encourage the NT monomers to approach within an interaction distance, and then with a small force constant to minimize the disturbances from the applied forces. In both these simulation sets, no force constant is applied to window 0; thus, the sampling for this window corresponds to the unperturbed, ambient temperature. In the smaller force constant simulation, all exchange probabilities are high and, in addition, the itineration of configurations into and out of window 0 is robust. Thus, the benefit from the HTREM_MS sampling should be maximized. The result of the simulation is to bring the monomers back to a similar geometric structure as in the starting dimerized leucine zipper, as shown in Figure 9 . However, the alpha helical hydrogen bonding is not restored. As discussed in Section 3.5, this may be due to the loss of some intra-and intermonomer salt bridges among the charged residues involved that are present in the no restraints dimer simulation.
Supporting Information: Table S1 summarizes the monomer 2 alpha helical hydrogen bonding fractions of all the simulations for the N and C terminal domains. Figure S1 has hydrogen bond fractions of the no restraint trajectory with a less strict hydrogen bond definition. Figures S2,   S4 , S7 and S9 have block averaged standard errors for all the simulations. Figures S3, S5 , S8 and S10 compare averages over the first and second halves of each simulation trajectory. Figure S6 has the CT separation trajectory hydrogen bond fractions for a simulation at the smaller effective temperature range. Figure S3 . Ratio of the 11 NT hydrogen bond fraction averages of the first and second half of the trajectory used to construct Figure 3 for monomer 1. The ratio is essentially unity indicating that the trajectory is equilibrated. Figure S8 . Ratio of the 11 NT hydrogen bond fraction averages of the first and second half of the trajectory used to construct Figure 7 for monomer 1. The first three HBs are low population. The ratio is essentially unity with some deviation for the fourth HB, indicating that the trajectory is equilibrated. Figure S10 . Ratio of the averages of the first and second half of the trajectory used to construct Figure 10 for the monomer 1 and 2 NT hydrogen bond percentages. The ratio is essentially unity (the first three HBs are low percentage), indicating that the trajectory is equilibrated. For the CT the hydrogen bonds are all strong except for the last one that is hardly present (see Figure 10 ). 
